On the flow near an enclosed rotating blade in the neighborhood of the ground by Liang, Tze-Lien
Scholars' Mine 
Masters Theses Student Theses and Dissertations 
1970 
On the flow near an enclosed rotating blade in the neighborhood 
of the ground 
Tze-Lien Liang 
Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses 
 Part of the Mechanical Engineering Commons 
Department: 
Recommended Citation 
Liang, Tze-Lien, "On the flow near an enclosed rotating blade in the neighborhood of the ground" (1970). 
Masters Theses. 7087. 
https://scholarsmine.mst.edu/masters_theses/7087 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 
ON THE FLOW NEAR AN ENCLOSED ROTATING BLADE 
IN THE NEIGHBORHOOD OF THE GROUND 
BY 
TZE- LIEN LIANG, 1945 
A 
THESIS 
submitted to the faculty of 
I 
THE UNIVERSITY OF MISSOURI - ROLLA 
1n partial fulfillment of the requirements for the 
Degree of 




The flow in the vicinity of an enclosed rotating 
blade near the ground was studied both analytically and 
experimentally. 
Experimental results were obtained by making pitot 
tube traverses across the face of the housing but 
gave only a qualitative indication of the ve~ocity distri-
bution. Tufts of strings were used to locate the flow 
directions in the vicinity of the ground and the housing. 
The two dimensional potential flow solution was found 
to yield unreasonable results for this flow configuration 
due to viscous and rotative effects. 
The three-dimensional Navier-Stokes equations were 
solved numerically by using the successive underrelaxa-
tion method. The results indicated that there is inflow 
in the upper part of the entrance region while outflow 
exists ln the lower part. The effect of rotation sets 
up vortex type flows under the housing. Variable bound-
ary conditions were applied at the entrance of the housing 
to simulate speed and geometry changes for the blade. 
The results from the solutions to the Navier-Stokes 
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In most of the mechanical cutting devices a large 
percentage of the total power consumed is not in driving 
1 
the cutter but ln moving the air. The air flow pattern also 
influences the power consumption strongly in many indus-
trial vacuum systems. Hence, how to generate a well-design-
ed air flow pattern so as to reduce the required power be-
comes an important concept in the design of these devices. 
However, due to the lack of interest in low speed flow 
among many investigators ln the field of fluid mechanics 
the air flow patterns around these devices have not been 
explored. 
It is the purpose of this study to explore the gener-
al feature of the flow field when an enclosed rotating 
blade is running in the neighborhood of the ground. Also 
the influence of the main variables, angular velocity of 
the blade (w), and the distance between the enclosure 
and the ground (d), on the flow field has been studied. 
A schematic diagram of the problem is shown in Fig. 1. 
The method of approach used in this study consisted of 
numerical techniques combined with experimental results. 
Since no work has been done in this particular area, the 
simplest case was used as the starting point, namely, potent-
ial flow was first assumed, and the flow was confined to 
two-dimensions. Numerical techniques were applied to solve 
2 
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Figure 1. A schematic diagram of the problem. 
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the problem. Later, a transformation was made to the 
potential flow problem in order to apply the actual boundary 
conditions. Finally the numerical solution of the complete 
three-dimensional rotational symmetric Navier-Stokes 
equations were solved for the case when the flow is viscous. 
In order to simulate the effect of different kinds of blades, 
one boundary condition in all of the above approaches was 
treated as a variable boundary condition so that different 
values of the flow parameters could be substituted for 
different kinds of blades through analytical approximations 
or experimental data. 
As for the experimental work, an apparatus was construct-
ed in order to obtain some reasonable values for the variable 
boundary condition mentioned above. This experimental appara-
tus was also used to specify at least qualitatively, the 
general flow field with the aid of tufts of strings. 
II. REVIEW OF THE BACKGROUND INFORMATION 
As mentioned earlier, no prevlous studies have been 
conducted which are directly applicable to this field. In 
order to acquire some idea about the nature of the flow 
field and the method of solution to the problem, a study of 
the allied fields of this problem was first done. 
A. DUCTED PROPELLER 
The problem considered lS the flow in the vicinity of 
4 
an enclosed rotating blade near the ground. The velocity 
distribution in these regions are of the most interest. This 
is similar to the problem of the ducted propeller near the 
ground. However, the difference being that the flow is in 
the opposite direction and the purpose there being to pro-
duce thrust. 
The problem of the ducted propeller has been exten-
sively studied during the 1950 to 1960 period. Many papers 
and reports have been published. Sacks and Burnell (1) gave 
a critical review of the state of the art of the ducted 
propeller. Within this paper the method of analysis which 
is useful to this problem is the method of singularities. 
Since there is a wall in front of the propeller, the method 
of images (2) must be used to account for the effect of the 
wall. Theodorsen (3) calculated both the flow field for 
uniform and nonuniform sink distributions ln a circular disk 
as a typical example of the method of singularities. However, 
the distribution of the sinks should change whenever the 
speed of the propeller changes. Since one of the interests 
is the variation of the velocity distribution due to dif-
ferent speeds of the propeller, it is next to impossible 
to obtain the solution analytically. The only realistic 
method of solution is the numerical method. 
B. FLOW NEAR A ROTATING DISK AND ITS RELATED PROBLEMS 
The above discussion is based on the assumption that 
the flow field under consideration lS ideal flow, in order 
that the potential solution can be used. If the distance 
between the enclosure and the ground is small, the effect 
5 
of viscosity must be considered. Problems such as "the flow 
near a rotating disk" and "the rotation near the ground" 
glven ln Schlichting (4) are problems of this kind. The re-
sults of the first problem (the flow near a rotating disk) 
showed that a secondary flow is generated and directed radial-
ly outward through the action of viscous and centrifugal 
forces. This implies that whenever a flat blade lS rotating, 
the flow field around it should basically appear to be of the 
same character; that is, there must exist secondary flow 
directed radially outward. The results of the second pro-
blem (the rotation near the ground) indicated that if the 
fluid at a large distance above the wall rotates at a con-
stant speed, there is always flow coming in radially near the 
ground to compensate for the axial upward flow. Batchelor 
(5) discussed various cases of the flow field when two co-
axial rotating disks were placed a certain distance apart. 
The interesting point being that once a disk is fixed and 
6 
the other is rotating at a constant speed, there will be flow 
coming in radially along the rotating disk toward the axis of 
rotation, then going down and flowing radially outward along 
the fixed disk. In 1965 Pearson (6) solved the time-depend-
ent case of the above problem by using the computer. The 
case for steady state proved that Batchelor's (5) analysis 
was correct. So, a prediction can be made that for a flat 
blade rotating with constant angular velocity at a certain 
distance above the ground, the flow pattern might be similar 
to that of the rotating disk. In summary, the problem being 
considered here is identical with the above-mentioned problems 
in the sense that the rotational symmetry Navier-Stokes equa-
tions must be solved. However, different boundary conditions 
are required. The problems given by Schlichting represent 
the few exact solutions of the Navier-Stokes equations where-
as in this case the changing boundary condition at the inlet 
of the enclosure and the non-linearity of the elliptic equa-
tion make it very difficult to solve analytically. Again, the 
ideal method of solution is by numerical techniques. 
C. ROTATING BLADE 
Little work has been done for the flow around a propeller. 
Durand (7) gave solutions for the flow around the ideal pro-
peller. Due to the assumptions made, the solution deviates 
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from experimental results, but it still indicated some of the 
fundamental characteristics of the flow field. Namely, the 
axial velocity component has no discontinuity at the pro-
peller disk and converges at large positive values of the 
axial distance to a value twice that at the disk. 
Fogarty (8) solved the boundary layer equations 
of motion for a cylindrical blade rotating in an lncompress-
ible fluid within the laminar regime. In his solution the 
three dimensional boundary layer equations on the rotating 
frame can be solved as a known two-dimensional boundary 
layer solution plus an ordinary differential equation in the 
spanwise direction which results after proper similarity 
transformation. This ordinary differential equation can 
be solved by finite difference methods. This method of solu-
tion required a known two~dimensional potential solution of 
the problem and also it applied only when the angle between 
the blade surface and the plane normal to the axis of rotation 
is nearly zero. Besides, no distinction is to be made between 
the distance measured along the surface and the distance mea-
sured along the chordline. 
From Fogarty's results, it is obvious that there is 
spanwise flow in addition to the chordwise flow appearlng 
around the rotating blade and both flows are unaffected by 
each other. So the flow field near a rotating disk has the 
same nature as the flow field in the vicinity of a rotating 
blade. 
While Fogarty solved the problem using the Blasius 
solution as a known two-dimensional solution, Smith (9) 
used the falkner-Skan wedge type flow solution as a two-
dimensional solution to solve other kinds of rotating blade 
problems. The spanwise flow was transformed into two or-
dinary differential equations by using the Falkner-Skan 
similarity variable, agaln finite difference techniques 
have been applied to solve these two equations numerically. 
Both the Forgarty and the Smith solutions can be said 
8 
to be exact solutions in the sense that up to the ordinary 
differential equation, it lS the exact solution of the 
boundary layer equations. Likewise, Rott and Crabtree (10) 
used approximate momentum methods to calculate the laminar 
boundary layer on a yawed infinite cylinder which Cooke (11) 
had previously solved as an exact solution. Graham (12) de-
veloped an approximate momemtum method to calculate the 
laminar boundary layer on a rotating blade which Fogarty had 
previously solved as an exact solution. Her method is based 
on the assumption that in the region where calculations are 
made the flow is predominately chordwise and a small Reynold's 
number is assumed. Under these conditions it applies to any 
non-lifting blade where the region is far from the axis of 
rotation provided that the circulation doesn't vary from one 
spanwise position to another. 
9 
Loitsianskii (13) set up a general method of solving 
the two-dimensional boundary layer equations. He transferred 
the parameters expressing the influence of external conditions 
to the number of independent variables in the boundary layer 
equations and obtained a universal partial differential 
equation. Numerical integration of this universal partial 
differential equation resulted in tables which provide a simple 
way of calculating the solutions. Warsi (14) made use of 
Loitsianskii's parametric method to find the solution of the 
spanwise flow equation on a rotating blade. The advantage 
of his method lies in the fact that it requires only the 
knowledge of the dimensions of the blade and its orientation, 
and is independent of the nature of the velocity profile 
which is characteristic in the momemtum integral methods. 
Up to this point, the methods of calculating the laminar 
boundary layer on a rotating blade are applicable to 
arbitrary blade cross-sections provided reglons near the 
hub and tip are excluded. In addition, small cross flow 
must be assumed. Recently Dwyer and McCroskey (15) made an 
extension of the perturbation analysis of McCroskey and 
Yaggy (16) and used direct numerical integration of the three-
dimensional or two-dimensional time dependent laminar 
boundary layer equations to study the cross flow and unsteady 
boundary layer effects on rotating blades. They found 
that large rotational effects are limited to the immediate 
10 
vicinity of the rotor hub and chordwise pressure gradientL 
tend to predominate over rotational and unsteady effects 
for blunt bodies or thin airfoils at a large angle of 
attack. Due to the success in their analysis the laminar 
flow on a rotating blade is well understood. However, 
when a wall is introduced into the vicinity of the rotating 
blade, the whole flow field will change. A similar phen-
omenon will happen when the rotating blade is placed in an 
enclosure. 
In summary, owlng to the complexity of configuration of 
the problem considered, boundary layer effects will occur 
along the blade as well as on the ground and on the sur-
face of the enclosure. Outside the boundary layer the potent-
ial flow will exist. It is possible to solve for the flow 
field around the blade and the flow field near the ground 
separately through the use of the boundary layer equations. 
However, it seems that there will be no hope of solving the 
complete system by using the boundary layer equations. The 
numerous and complex boundary conditions are actually a deter-
rent to a solution. Hence, the complete equations of motion 
must be used. Advances both in modern electronic computing 
devices and numerical analysis provide a chance to solve this 
system of partial differential equations through numerical 
techniques. 
ll 
Since the boundary layer effect lS confined to a 
narrow region near the surface, so that, if the distance 
between the blade and the ground is large, numerical solu-
tion of the potential flow for the entire system will be 
good enough to show the nature of the flow field. Other-
wise, the only way to solve the problem would be the numeri-
cal solution of the three-dimensional, rotational symmetric 
Navier-Stokes equations for the complete system. Both 
the potential and viscous method of solution have been tried 
in the following analysis. 
III. PROPOSED METHODS OF SOLUTION 
A. NUMERICAL APPROACH 
1. Potential Solution 
Assuming that there is no tangential velocity around 
the circular enclosure, the flow can be treated as two-
dimensional. For steady, two-dimensional potential flow, 




Clr az (3-1-1) 
where ~ lS the velocity potential. r and z are the radial 
and upward directions respectively. 
According to the configuration shown in Fig. 2a, the 
boundary conditions are discussed as follows: 
Line 1 is the ground surface, and since there ls no 
flow comlng through the surface,w=O. Line 2 and 3 were 
chosen far away from the origin such that the velocity is 
nearly zero along them. For the first trial, five times the 
radius of the enclosure in the r direction and one radius 
of the enclosure in the z direction was used. Again there 
lS no flow across line 4, hence u=O. Line 5 was designed as 
a variable velocity distribution surface in which different 
velocity distributions can be used to represent different 
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Figure 2. (a) Boundaries for potential solution. 
(b) Five points system for the finite difference approximation. 
2 
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6 lS the symmetrical axls, so is equal to zero. 
The flow field was then constructed into a mesh system. 
A 2lx2l node point system was employed, but those above line 
5 and to the left of line 4 were not used in the calculation. 
The finite difference technique was used to approximate the 
differential equation and the boundary equations. The stand-
ard five point system was employed and is shown in Fig. 2b, 
the subscripts i and j denote the grid coordinates of the point 
in the r and z directions, respectively. The resultant 
differential equation is 
<r?(i,j )=0.25x(¢(i+l,j )+<r?(i-l,j )+<r?(i,j+l)+<r?(i,j-1)) 
(3-l-2) 
and it was applied to all interior grid points. Those for 














Variable; it depends on the choice of velocity 
distribution. For uniform velocity distri-
bution in the upward direction 
¢(i,j)=O.s x(¢(i+l,j)+¢(i,j-l)+C X BB) 
(3-l-7) 
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where C lS the upward velocity and BB lS the 





Finally, a system cr algebraic equations resulted, the 
Successive Overrelaxation method was chosen to solve this 
system of equations. Due to the lack of reasonable initial 
guess values of the velocity potential for the whole system, 
the result was accurate only to the third digit after the 
decimal point within five minutes computing time. The opti-
mum relaxation parameter was found to be 1.735 by a trial and 
error method in this program. 
2. Transformed Potential Solution 
Later, it was found that within the potential solution 
there were only a few grid points in the region of interest. 
Under the enclosure there was a lack of detail in the flow 
field, and the requirement of zero velocity at the infinite 
boundaries in the r and z directions had to be applied 
at a finite location. Hence, a second program was tried by 
using Sill's (17) technique which transforms the infinite 
interval into a finite interval as well as allowing the 
interior grid points to be concentrated ln the region where 
the solution is desired. 
. h h" . c l -a8 The transformatlon c osen ln t lS program lS s= -e 
16 
where 8 ls the original length, for instance, the length 
in the r or z direction. ~ being the transformed length, 
it's value lies between zero and one. a is an arbitrary 
constant satisfying a>o. So what has been done is to 
transform the r-z plane which has infinite domain to a 
~ 1 -~ 2 plane which has finite boundaries. 
After transformation and approximation by uslng the 




A = 1 A = 2 B = 1 
2 2 a2(1-~2) 
(8,~2)2 B = 2 
8.~ 1 and 8.~ 2 are the increments ln the ~l and ~ 2 directions 
respectively. 
For the present case, the boundaries were refined into 
twelve portions and are given in Fig. 3. After applying 
same procedure as was done for the differential equation the 
equations for the boundaries transformed into the following: 
17 
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Figure 4. Boundaries for viscous flow solution. 
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3, 4. ¢(i,j)=A !B ~Ci-l,j)+A !B ~(i,j+l) 
l l l l 
(3-2-4) 
5 . ~(i,j)=O.S(~(i-l,j)+~(i,j-1)) (3-2-5) 
6. (3-2-6) 
A B 
7. ~(i,j)-A !B ~(i+l,j)+A !B ~(i,j-1) 
l l l l 
(3-2-7) 
A B -B B +B 
8 12 A'. ( • • ) l (. l . ) l 2 A'. (. • +l) + l 2 A'. (. • ) 
' . '"' l,J -A +B ~ l+ ,J +2(A +B )'!' l,J 2(A +B )'"' l,J-l 
l l l l l l 
(3-2-8) 
A B 
9. ~(i,j)=A !B ~(i+l,j)+A !B ~(i,j+l) 




Variable. In the case of uniform velocity distribution 
A B 
( · · ) _ l A'. ( • l · ) l r~, ( • • l ) (B 1 - B2) C ~ l,J -A +B '"'l- ,J +A +B 't' l,J- +A +B 11 
l l l l 1 I 
Bl 
(3-2-10) 
Variable. In the case of uniform velocity distribution 
(3-2-ll) 
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where C is the uniform upward velocity. Then the same 
type of calculation was performed as in the previous po-
tential solution. Finally, the transformation was made 
for the system to go back to the r-z coordinates. 
In the above program, a was calculated by the computer 
according to the different dimensions of the configuration 
and the density of the grid points in the region of ln-
terest. This information is part of the input data of the 
program. 
3. Viscous Flow Solution 
a. Governing Equations 
When the viscous effect lS important, the potential 
solution will no longer be valid. The complete equations 
of motion for viscous flow must be solved. 
In order to see the details of the flow field under-
neath the enclosure, the steady, three-dimensional, rota-
tional symmetric Navier-Stokes equations were used 
au 
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~(v) 2 a v + -} 
ar r az2 
(3-3-l) 
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where u, v, w are the velocity components ln the radial, 
tangential and upward directions, respectively. P is the 
pressure, v lS the kinematic viscosity. By combining the 
first and the third equations in Eq. (3-3-1) and intro-
ducing the tangential vorticity component r, Eq. (3-3-1) 
becomes 
ar 
+ w ar ur 2v av (V2- __!) r u 
ar dZ - - - Clz = v r r 2 r 
av 
+W av + uv vCV 2 __!) u Clr dZ - = - v r 2 r 
au aw 1 Cl21J; 1 d1jJ + ()21j; r = Clz - ar = (- ar -) r ar 2 r 3z 2 
1 <31J; 
u = dZ r 
1 ~ w = (3-3-2) r ar 
2 where V lS the Laplace operator. The first equation of 
Eq. (3-3-2) is the vorticity equation in the tangential 
direction, and the second equation is the Navier-Stokes 




W= 1~, Z= ~ , R= ~ , the dimensionless form of the above 
equations are the same as before, except for the disappear-
ance of v in the first two equations. So instead of uslng 
a capital letter, the small letter was still used by keep-
ing in mind that it has been nondimensionalized. The 
characteristic length L was chosen to be d. 
The Sill's transformation was then used to confine 
the boundaries to a finite region. The transformations 
are 
-a r ~; 1 =1-e 1 and -a z i; =1-e 2 2 (3-3-3) 
where, r and z refer to the distance along the radial and 
upward directions, respectively. The first derivative in 




and a 2 are some arbitrary constants satisfying 
The second derivatives were obtained by re-





Substituting Eq. (3-3-4) and Eq. (3-3-5) into Eq. (3-3-2), 
the governing equations become 
r = 1 
ln 1 _.; 1 
dV = Q 8~2 
ln 1 ~I--.,_~-1 
{ 
1 1n 1 _.; 
- u} r -
1 








The finite difference forms of the above equations were 
obtained in the usual manner using the Taylor serles expan-
Slon. The resulting finite difference equations were 
{A1 (i ,j )-A 2 (i ,j) }f (i+l ,j )-{A1 (i ,j )+A2 (i ,j) }f (i-1 ,j) 











u(i,j)= {~(i,j+l)-~(i,j-1)} 2llt;:2 
SK1 
v(i,j)= - {~(i+l,j)-~(i-l,j)} 2llt;:l (3-3-7) 
where i is the t;: 1 index and j lS the ~ 2 index. The varlous 
terms in the preceeding equations are given as follows: 
A4 (i,j)::: 
S::: 
ln l 1-~ l 
where ~~l lS the increment ln ~l direction, 6~ 2 lS the 
increment ln ~ 2 direction. 
b. Boundary Conditions 
The major difficulty ln solving the Eq. (3-3-7) 
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involves the development of realistic, accurate and stable 
boundary conditions. 
A diagram showing the configuration under discussion 
was shown in Fig. 4. 
The dimensionless boundary condition on the ground 
(line 1) is the no-slip conditions 
u=v=w=O at ~ =0 2 
Since the solid surface formed a stream surface, 
1P=constant. However, the ground surface (line 1) joins 
the axls of symmetry (line 6), so this constant must be 
the same as in the axis of symmetry. 
The vorticity is determined in the customary manner, 
that lS, by expanding w out from the surface in a Taylor 
series and applying the no-slip condition. The result is 
(3-3-8) 
rt = 
where t refers to a point on the surface, and ~z ls the 
distance normal to the surface from t to t+l. 
The axls of symmetry Cline 6) must be a streamline 
and ~ is assigned to zero following the usual convention. 
No rotation was assumed along this axis. There are no 
radial nor tangential velocity components. The upward 
velocity component was calculated in the same manner as 
ln calculating the vorticity along the wall. 
The boundary condition along the surface of the en-
closure Cline 4) can be obtained in the same way as was 
done for the ground surface. 
As the distance from the axls of symmetry becomes 
large (line 2), it can be assumed that the vorticity be-
comes zero in the outer flow. This is also true when the 
flow is far away from the ground surface (line 3). All 
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three components of the velocity disappeared when both of the 
distances away from the coordinate axes approached infinity. 
However, the values of the stream function varied from posl-
tion to position. The linear extrapolation method was appl-
ied for the region away from the ground (line 3), that lS, 
~(i,n)=2~(i,n-l)-~(i,n-2) (3-3-9) 
The non-linear extrapolation was used for the reglon 
far from the axis of symmetry (line 2), so as to acquire 
fast convergent solution, the expresslon lS 
~(m,j )=l/l{4~(m-l,j )-~(m-2 ,j )} (3-3-10) 
Here, rn and n are the maxlmum values of land J, 
respectively. 
.. J 
The boundary condition for the inlet surface of the 
enclosure (line 5) is either obtained from experimental re-
sults or calculated approximately for simple blade geometry. 
The example for the latter is the simple mower blade. When 
a blade rotates with constant angular velocity w, the only 
existing velocity component of the flow adhering to the flat 
region of the blade is the tangential one which has the value 
rw. For the upwinding tip of the blade, there exists an 
upward velocity component resulting from the inclination 
of the tip. The expression for this component is rwsino while 
rwcoso is the expression for the tangential velocity component 
in the tip region of the blade. o is the inclined angle of 
the tip to the horizontal surface. The vorticity and stream 
function in this boundary were calculated through it's rela-
tion with the velocity. 
As for the experimental data, a Least Square method 
can be used to find the velocity as a function of the coordin-
ates, then the stream function as well as vorticity can 
also be expressed as a function of the coordinates. Thus 
providing us a way to overcome the difficulties which 
arise when the number of grid points in the program changes 
as well as no information being available concerning the 
values of the stream function and vorticity along the 
boundary. 
There lS a singularity at the orlgln, however, the 
orlgln was not used in the finite difference approximation. 
Hence, no special treatment has been given to this point. 
The other singularity occured at the edge of the 
enclosure. One way of solving this problem is to construct 
a mesh system in which the boundary walls lie between node 
points, then select values of the flow variables at one 
node point inside the wall so as to represent the correct 
physical boundary condition at the wall. So, instead of 
solving the values of the flow parameters right at the dis-
continuity point, the values of the flow variables around 
the discontinuity point are calculated. 
The other way of treating the singularity point lS to 
use discontinuous values at that point. For any flow var-
iable ~, ~ is evaluated by using the non-slip condition, 
a 
considering the corner as part of the wall, and ~b by con-
sidering it as part of the variable velocity distribution 
reglon. The ~a or ~b is then used for ~(i,j), depending 
on whether it is needed ln an interior point difference 
equation, either to the right of the corner or below the 
corner. This second method has been employed in the pro-
gram. 
C. The Finite Difference Solution 
The Eq. (3-3-7) together with the boundary conditions 
discussed in part b were solved by using the successive 
under-relaxation method. The program first initialized 
values of the stream function, vorticity, as well as velo-
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city components by proper guess. Then the program calculated 
new values of v for the whole flow field. With these known 
values, new values of 1 can be obtained by solving the 
equation for r. Next, the program computed new values of 
~- On each of the above three steps, the method of 
Successive Underrelaxation was applied. Finally, the 
values of u and w were calculated from the values of 
~- Thus completing one cycle, the process is repeated for 
the calculation of v values. 
Up to the present, no generalized method is available 
to calculate the conditions for stability of this non-linear 
equation. Here, the Successive Underrelaxation method was 
used. With the underrelaxation parameter equal to 0.025 
an accuracy of 97% was obtained for successive values of the 
stream function. The solution was carried out on the IEM 
360-50 computer at the University of Missouri-Rolla. 
B. EXPERIMENT AND APPARATUS 
An experiment was conducted to find the velocity 
distribution along the skirt of the enclosure. This ex-
perimental result provided a boundary condition for the 
previous numerical calculations. Also, tufts of strings 
were used to detect the characteristic of the actual flow 
field. 
The apparatus used in performing the experiment con-
sisted of a circular housing enclosing a blade, which was 
driven by a variable speed motor. This apparatus was 
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then hung above the gound underneath a long table. A 
hypodermic tube was used to measure the total pressure and 
a second tube with holes drilled along the side was used 
to measure the static pressure. Both of the tubes were 
capable to slide and connected to a manometer with a plastic 
tube. A diagram of this apparatus is shown in Fig. 5. 
The motor used was a ~ HP reversible variable speed 
motor, which could operate from 500 rpm to 5,000 rpm. 
A Meriam model 34FB2 TM micromanometer was used to measure 
the total and state pressures. A standard 18" mower blade 
was mounted inside a movable housing. The distance between 
the blade and lower edge of the housing was 2 " • On top 
of the housing, there are eight l~ inch diameter holes 
which were used as a discharge path for the flow during the 









Figure 5. Experimental apparatus 
') 
through the blade, a movable cover was installed over each 
hole. Whenever the holes were closed, plastic tape was 
applied all around the cover to prevent leakage. The control 
of the distance between the edge of the housing and the ground 
was done by using three long threaded rods which were screw-
ed to the housing and to a frame fixed under the table. 
The rotating speed of the blade was measured through the use 
of TS-805B/U stroboscope. 
The operating procedures were as follows: 
l) Adjust the distance from the edge of the housing to 
the ground as l", 1.5 11 , or 2" for each different case. 
2) Control the discharge flow rate through the opening 
of the cover. Two cases have been performed, one 
was to let all the holes open while the other was to 
have half of the holes closed. 
3) Set the dial on the motor to the desired speed. 
4) Use the stroboscope to adjust the dial of the motor 
so that the rotating speed was consistant with that 
indicated on the stroboscope's dial. 
5 ) Adjust the location of the pitot tubes. There are 
nineteen positions measured. Starting from the center 
of the housing, each position being one-half inch 
radially outward. 
6) Rotate the pitot tube to find out at what angle exists 
the greatest pressure. 
7) Record the angle of rotation and the reading of the 
manometer. 
8) Measure the velocity comlng out from a hole on top 
of the housing by using a simple anemometer, thus 
completing a cycle. 
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The above operation was used only to obtain valuable 
data as a boundary condition ln the numerical approach. 
The general nature of the whole flow field was tested by 
using tufts of strings. 
IV. DISCUSSION OF RESULTS 
A. NUMERICAL RESULTS 
l. Potential Solution 
The results for the case when the variable boundary 
has a uniform velocity C=5 fps, d= 1.5" were traced for 
equi-potential points and are shown in Fig. 6. 
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An examination of the u velocity component distribu-
tion ln the region below the housing along the ground showed 
that the flow was corning in at that region. However, from 
the tests using tufts of strings, an outcorning flow was 
observed at the same reglon. This contradiction indicated 
that the viscous and rotational effects were of prime lrn-
portance in this reglon. Later, a simple calculation of 
the continuity equation both at the surface extended from 
the edge of the housing to the ground and at the incoming 
surface of the housing revealed that the flow was decel-
erating. But the potential method could only apply to 
the region where the fluid is accelerating. This means 
that the assumptions made were not valid as originally 
thought. 
The results of the case for nonuniform velocity dis-
tribution along the variable boundary again showed the same 
defect. However, for a region away from the entrance gap 
the flow was accelerating. Therefore, the potential solu-
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velocity components ln this reglon are glven ln Fig. 7 
and Fig. 8, respectively. 
2. Transformed Potential Solution 
As mentioned above, this solution lS valid only ln 
the region away from the entrance gap. The u and v 
velocity distributions in this region are plotted ln Fig. 
9 and Fig. 10. 
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Comparison of Figures 7, 8, 9, 10, for the potential 
solutions and transformed solutions indicated that the choice 
of r equal to five times the radius of the housing as 
the location of the infinity boundary condition in the 
horizontal direction as well as z equal to one radius 
of the housing as the location of the infinity boundary 
condition in the vertical direction did not give enough 
accuracy in the solution. Hence, in the viscous flow 
solution the Sill's transformation was used. 
3. Viscous Flow Solution 
Although the program was designed to have the ability 
to calculate the velocity distribution of the flow field 
for different types of blades, only the case for a simple 
mower blade was run. The velocity components in reglon under 
the housing for different values of blade frequency f 
and wall spacing dare shown in Figures ll-19. 
The important features exhibited in the radial 
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Radial velocity distribution outside the entrance gap for 






















Upward velocity distribution in region outside the 
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Radial velocity distribution outside the entrance gap for the 




































































Upward velocity distribution outside the entrance gap 
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Radial velocity distribution with d=l.5", f=2,000 rpm ln reglon under the 










































Radial velocity distribution with d=2", f=2,000 rpm ln reglon under the housing 
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Figure 13 
400 
Radial velocity distribution with d=2", f=2,500 rpm in reglon under the housing 





















Tangential velocity (V/vd) 
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Figure 14 
Tangential velocity distribution with d=l.S", f=2,000 rpm ln reglon under the 




















Tangential velocity (V/vd) 
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Figure 15 
Tangential velocity distribution with d=2'', f=2,000 rpm 1n reg1on under 



















Tangential velocity (V/vd) 
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Figure 16 
Tangential velocity distribution with d=2", f=2,500 rpm ln reglon under 









































































































Upward velocity distribution with d-l.S, £=2,000 rpm ln 
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Upward velocity distribution with d=2", f=2,000 rpm ln 
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Upward velocity distribution with d=2", f=2,500 rpm ln 
reglon under the housing for viscous flow solution. 
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a. There is some outward flow in the region just below 
the edge of the housing, but the flow goes in more 
rapidly as the downward distance lncreases. However, 
when it ls close to the ground, there exists some 
small outflow. 
b. In the upper region under the upwinding tip the ln-
ward velocity is the highest, but within the lower 
reglon the velocity profile is similar to that in a. 
c. To the left of the region where the higher inward 
velocity exists, the velocity profile is more or less 
symmetric with respect to the point where the line 
d/2 above the ground meets the vertical section line, 
but the flow comes in at the upper part and flows 
out at the lower part. Also the magnitude of the 
velocity ln this reglon increases toward the axis of 
rotation ln the upper part and decreases away from the 
axis of rotation in the lower part. 
d. The increase in angular velocity w, only increases 
the magnitude of the velocity. The velocity profiles 
still have a similar shape. 
e. Under the same angular velocity, an increase ln d 
would decrease the magnitude of the velocity locally. 
Due to the limited grid points used in the calculation, 
the boundary layer effect of the blade has not been ob-
served in the velocity diagram. 
From the tangential velocity diagrams, it was noted 
that v is very small in the lower half portion of the 
'-'--' 
diagram. Excluding the section which contains the singular 
point and those points near the axis of rotation, all of 
the velocity profiles have the character that the maximum 
velocity occurs at z/d=l. One thing that was not understood 
was that the maximum velocity in a section near the axis. of 
rotation appears not on the blade, but at a certain distance 
away from the blade for the case d=2 11 , while for d=l.5 11 
no such phenomenon occured. 
The effect of increase ln angular velocity results ln 
the lncrease ln tangential velocity locally. The reduction 
in d has the effect of compressing the tangential velocity 
profile towards the center of the blade, which results in 
the increase of the maximum velocity on each profile except 
for the one which contains the singular point. 
The upward velocity diagrams showed that the effect 
of the rotating upwinding tip existed only in the reglon 
close to the blade. The upward velocity is very small in 
region from z/d=0.563 to z/d=O. In region close to the 
axis of rotation, the upward velocity component is nega-
tive. Also, in the region near the singular point the 
upward velocity component flows downward. 
B. EXPERIMENTAL RESULTS 
The total velocity along the lower edge of the housing 
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has been measured for d=l", l.sn, 2" and f=2,000 rpm 
with 4 or 8 holes opened at the top of the housing. How-
ever, due to the smallness of the diameter of the plastic 
tube used to connect the pitot tube to the manometer 
and the excessive length of the tube, the sensitivety 
of the micromanometer readings is doubtful. Some of the 
results of the measurements lead to negative pressure dif-
ferences which is not reasonable. Hence, these results 
have not been used in the numerical method of solution. 
The typical results which gave a positive pressure differ-
ence was d=l", f=2,000 rpm with 4 holes opened. The total 
velocity distribution of this case is shown in Appendix a. 
By taking the average of the measured velocities at 
the region where the upwinding tip is located, the amount 
of flow coming up can be calculated. After subtracting 
the amount comlng out through holes on the top of the housing, 
the amount of flow which recirculated inside the housing was 
estimated. The variation of the amount of flow which recir-
culated with different d, f, and number of holes is shown 
in Fig. 20. The original data together with the calculated 
values for these parameters are 
Fig. 20. it is obvious that the 
the amount of flow recirculated. 
the same result. 
shown in Appendix B. From 
increase in d would decrease 
The decrease in f leads to 
The placing of tufts of strings ln the flow field indi-
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Figure 20 
(a) 2500 ( 8 holes) 
(b) 2500 (4 holes) 
(c) 2000 (4 holes) 
(d) 2000 ( 8 holes) 
Variation of Q recirculated with different d, f and 
number of holes. 
outward and the strong outward bending of the string 
appeared near the axis of rotation showing that close 




The use of numerical techniques ln analyzing the flow 
around an enclosed rotating blade near the ground was con-
ducted. 
Viewing the results obtained from the radial, tangen-
tial and upward direction, the following conclusions can 
be drawn. 
1. The flow field under the housing is vlscous ln nature; 
potential solutions could only apply to the region away 
from the housing. 
2. The flow comes ln mainly through the upper part of 
the entrance surface which extends from the edge of 
the housing to the ground, and then winds up movlng 
tangentially toward the upwinding tip of the blade. 
3. The flow field internal to the region underneath the 
upwinding tip is circulatory in nature. The flow cir-
culated toward the center strongly on the upper part. 
When it comes in near the axis of rotation, the 
tangential velocity component decreases and it flows 
downward like a vortex. As soon as it comes down to 
the lower region, the tangential and downward velocities 
become small. The main driving force comes from the 
radial velocity component which has the maximum value 
around the axis of rotation and decreases radially out-
ward. 
4. At the center part of the reglon underneath the up-
winding tip all velocity components are small. It 
can be said that this is a buffer zone between the 
incoming flow and the inner circulating flow. 
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5. As the radially outward stream near the ground reaches 
the buffer region, part of it comes up slowly to 
continue the circulation, while the rest passes through 
the lower part of the entrance surface and flows out-
ward. 
6. The irregular flow direction in reglon near the blade 
next to the upwinding tip indicated that there existed 
strong rotation. This might either result from the 
boundary layer separation of the rotating blade or 
be due to the sudden change of flow direction in that 
reglon. 
7. Around the housing surface, the intensity of vorticity 
is concentrated. This also indicates that the rotation 
effect is severe in this reglon. 
8. In general, the increase in f will result in the ln-
crease ln all three velocity components. The decrease 
in d will result in the decrease in the radial and 
the upward velocities but an increase in the maximum 
tangential velocity. 
9. The experimental results indicated that there is a 
large amount of flow recirculating above the rotating 
blade inside the housing. 
VI. RECOMMENDATIONS 
1. Use a more sensitive instrument to measure the 
velocity distribution along the incoming surface 
of the housing. 
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2. Conduct more experiments with different types of blades 
to provide different boundary conditions for the num-
erical calculations so as to see whether the flow 
field changes. 
3. Redesign the housing so that the recirculation effect 
occurrlng ln the region above the blade inside the hous-
ing would be reduced. 
4. Continue to investigate the flow field ln the region 
above the blade inside the housing. 
5. Use more grid points ln the numerical calculation so 
as to see the detail of the structure of the boundary 
layer flow which appeared along the rotating blade. 
6. Choose different Successive Underrelaxation parameters 
for each equation in Eq. (3-3-7) to see whether better 
accuracy could be obtained. 
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Total velocity distribution along the lower edge 
of the housing with d=l'', f=2 ,000 rpm 
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Original data and some calculated values for Figure 20 
d f No of Qblade Qholes v Qrecir. avg. 
CinchesO (rpm) holes Ccfrn) (cfm) (fps) (cfrn) 
1 2000 4 670 14 16 606 
1 2000 8 728 28 17.4 504 
1.5 2000 4 562 17.5 13.4 498 
1.5 2000 8 591 35 14.1 311 
2 2000 4 --- 19.5 ---- ---
2 2000 8 --- 40.5 ---- ---
1 2500 4 760 18 18.2 688 
l 2500 8 1132 32 27.1 876 
1.5 2500 4 ---- 25 ---- ---
1.5 2500 8 ---- 45 ---- ---
2 2500 4 591 23 14.1 499 
2 2500 8 998 40 11.9 678 
refers to unobtainable values 
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APFSNDIX C 
THE COMPUTER RESULT FOR d=l.5", f=2,000rpm 
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X y u v w '¥ r 
0.0000 0. (:000 0.00 o.oo CJ.CJC 0. 0() o.oo 
O.DOOO 0.2063 o.oo o.oo -25.g9 o.oo ~). 00 
0.0000 0.4368 0.00 o.oo -26.24 o.oc o.oo 
0.0000 0.6982 o.oo 0.00 -23.76 o.oo o.oo 
o.oooo 1.0000 o.oo 0.00 o.oo o.oo o.oo 
0.5462 0.0000 o.oo o.oo (). 0\J o.oo -1005.51 
0.5462 0.::?063 6.37 1.07 -0.45 1.93 -51.52 
0.546:? 0.436( 0.01 1.15 -0.53 1.9') -0.29 
0.5462 0.6982 -3.90 5.75 -0.56 1.92 19.27 
0.5462 1.0000 0.00 165.80 o.oo o.oo 0.00 
1.1568 0.0000 o.oo o.oo o.oo o.oo 
-791.35 
1.1568 0.2063 4.13 1.02 -0.00 1.94 -47.44 
1.1568 0. 4 368 0.00 1.13 o.oo 2.00 -0.29 
1.1568 0.6982 -4.01 9.13 0.18 1.83 35.81 
1.1568 1.0000 o.oo 331.61 o.oo o.oo o.oo 
1.8490 o .. oooo o.oo o.oo o.oo o.oo -551.10 
1.8490 0.2063 3.34 1.00 -0.00 1.94 -45.3) 
1.8490 0.4368 -0.02 1.13 o.oo 2.00 -0.24 
1. 8490 0.6982 -5.08 13.57 0.17 1.65 54.5e 
1.8490 1.0000 0.00 497.41 o.oo 0.00 0.00 
2.6481 0.0000 0.00 o.oo o.oo o.oo -?94.68 
2.6481 0.2063 2.go 0.99 -0.00 1.94 -43.27 
2.6481 0.4368 -0.04 1.14 o.oo 2.00 -0.20 
2. 6481 0. 6982 -6.12 17.78 -0.09 1.37 70.10 
2.6481 1.0000 o.oo 663.?2 o.oo o.oo 0.00 
3.5932 0.0000 o.oo 0.00 o.oo o.oo -29.45 
3.5932 0.2063 2.54 0.97 -0.00 1.94 -40.64 
3.5932 0.4368 -3.01 1.11 0.06 l.C'2 -0.43 
3.59~2 0.6982 -236.77 23.42 11.14 ') 0 7 3 20. f7 -'-- l_ • 
3.5932 1.0000 o.oo 802.69 207.26 -1082.42 5?.36 
4.7500 0.0000 o.oo o.oo o.oo c·. oo 235.10 
4.7500 0.2063 2.23 0.96 -0.00 1. 911 -37.21 
4.7500 0.4~68 -3.29 1.50 -0.04 1.74 -0.21 
4.7500 0.6982 -241.04 144.40 -6.72 -41.23 110.08 
4.7500 1.0000 o.no o.oo o.oo o.oo 15.85 
6.?413 o.oooo 0.00 o.oo o.oo o.oo 4[4.63 
6.2413 0.2063 1.92 0.95 -o.no 1.95 -32.78 
6.2413 0.4368 0.03 1.01 -0.00 2.00 -0.47 
6.2413 0.6982 o.oo 1.01 -0.04 2.00 0.02 
6.2413 1.0000 o.oo 1.01 -0.02 ?,.00 0.02 
8.3433 o.oooo o.oo o.oo o.oo o.oo 6f9.26 
8.3433 0.2063 1.55 0.94 -0.00 1.95 -26.98 
8.3433 0.4368 0.03 1.00 o.oo 2.00 -0. L1 5 
8.3433 0.6982 0.00 1.00 o.oo 2.00 0.02 
8.3433 1. (',000 o.oo 1.00 o.oo 2.00 0. '>2 
11.9365 o.oooo 0.00 o.oo o.oo o.oo 75?.32 
11.9365 0.2063 1.08 0.94 o.oo 1.96 -18.f4 
11.9365 0.436[ 0.02 1.00 o.oo 2. 0 -0.40 
11.9365 0.6982 o.oo 1.00 o.oo 2.00 0.02 
11.9365 1.0000 o.oo 0.99 o.oo 2.00 0.0? 
100.0000 o.oooo o.oo o.oo o.oo 0.00 o.oo 
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X y u v w '¥ r 
100.0000 0.?063 o.oo o.oo o.oo 1.96 o.oo 100.0000 .. 0.;4368 o.oo o.oo o.oo 2.00 o.oo 
100.0000 _0.6982 o.oo o.oo o.oo 2.00 o.oo 100.0000 1.0000 o.oo o.oo o.oo 1.99 o.oo 4.7500 1.1703 o.oo o.oo o.oo o.oo 
-799.74 
4.7500 1.5632 o.oo o.oo o.oo o.oo 
-818.47 
4.7500 2.0551 o.oo o.oo o.oo o.oo 
-870.93 
4.7500 2.7138 o.oo o.oo o.oo o.oo -1078.17 
4.7500 3.7138 o.oo o.oo o.oo o.oo -2368.75 
4.7500 5.8645 o.oo o.oo o.oo o.oo -11685.93 
6.2413 1.1703 o.oo 1.02 0.01 2.00 -0.01 
6.2413 1.5632 o.oo 1.02 0.02 2.00 -0.05 
6.2413 2.0551 0.01 . 1.04 0.07 2.01 -0.17 
6.2413 2.7138 0.06 1.08 0.25 2.09 -0.67 
6.2413 3.7138 0.71 1.17 1.75 3.23 -5.72 
6.2413 5.8645 1.31 1.45 18.03 24.08 -79.59 
8.3433 1.1703 o.oo 1.00 o.oo 2.00 0.02 
8.3433 1.5632 o.oo 1.00 o.oo 2.00 0.02 
8.3433 2.0551 o.oo 1.00 o.oo 1.99 0.03 
8.3433 2.7138 o.oo 1.02 o.oo 1.99 0.03 
8.3433 3.7138 o.oo 1.08 o.oo 1.96 0.03 
8.3433 5.8645 o.o1 1.40 o.o8 2.10 -0.11 
11.9365 1.1703 o.oo 0.99 o.oo 2.00 0.02 
11.9365 1.5632 o.oo 0.98 o.oo 1.99 0.02 
11.9365 2.0551 o.oo 0.98 o.oo 1.99 0.02 
11.9365 2.7138 o.oo 0.96 o.oo 1.98 0.02 
11.9365 3.7138 o.oo 0.95 o.oo 1.94 0.02 
11.9365 5.8645 0.01 0.94 o.oo 2.04 -0.03 
100.0000 1.1703 o.oo o.oo o.oo 1.99 o.oo 
100.0000' 1.5632 o.oo o.oo o.oo 1.99 o.oo 
100.0000 2.0551 o.oo o.oo o.oo 1.98 o.oo 
100.0000 2.7138 o.oo o.oo o.oo 1.97 o.oo 
100.0000 3.7136 o.oo o.oo o.oo 1.92 o.oo 
100.0000 5.8645 o.oo o.oo o.oo 2.08 o.oo 
VITA 
Tze-Lien Liang was born on July ll, 1945, ln Kwang-
Tung, China. 
After attending prlmary school and middle school 
ln Taipei, Taiwan, he was graduate from the Middle School 
of Taiwan Normal University, Taiwan. After receiving the 
B. S. degree in Mechanical Engineering from the National 
Taiwan University in 1967, he served the Chinese Air 
Force for one year. 
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In the Fall of 1968, he entered University of Missouri-
Rolla to do graduate work ln Mechanical Engineering. 
